Helical wrapping of single-strand DNA around single-wall nanotubes (SWNTs) results in the symmetry breaking and modification of the nanotube band structure. Empirical tight-binding theory was employed to investigate this symmetry breaking and modulation of the electronic and optical properties of a SWNT in the field of an ionized DNA. The model allows the computation of the polarization component of the hybrid's energy of cohesion, with a typical value of 0.5 eV per DNA base. A screening parameter that quantifies the response of the SWNT electrons to the DNA perturbation was obtained. SWNT symmetry breaking shows up in the optical absorption for light polarized across the SWNT axis. In addition, circular dichroism is predicted for DNA-SWNT hybrids, even when the nanotube itself is achiral. These optical effects may be used for experimental determination of the DNA wrapping. 
INTRODUCTION
Single-wall nanotube (SWNT) materials and their composites have been studied now for almost two decades (1) (2) (3) (4) . Investigators have paid significant attention to the properties of pure SWNTs, as well as how they change upon functionalization, hybridization, and mixing with other materials. An interesting topic of the direct chemical functionalization of nanotubes has been reviewed earlier (5) and is not considered here. Among the technologically relevant examples of SWNTbased materials are composites with various polymers. Often polymers are used to enhance or alter SWNT electronic properties, for example, charge carrier density and type (6) , which can result from a strong Coulomb interaction between the tubes and the charged polymer residues or backbone. Clearly this creates a non-neutral environment for each SWNT in the sample. The SWNT electronic structure is influenced by the electrostatic potential of the environment, although nonelectrostatic terms, such as the geometrical constriction/deformation of the SWNT, may indirectly result in the same. We point out that the extremely small diameter of the tube (i.e., large surface-to-volume ratio) makes SWNTs very sensitive to the environment. Even a SWNT on a crystalline solid substrate may not be considered as a pristine material due to the significant surface fields that may lead to a substantial alteration of the SWNT band structure in the surface layer (7) .
In this review we focus on electrostatic interactions due to functionalization and how they reflect on the band structure of carbon SWNTs in a hybrid with DNA. A hydrophobic SWNT forms a stable hybrid structure by noncovalent functionalization with helically wrapped single-stranded (ss)DNA. Because a DNA-SWNT hybrid is not readily dismantled, and a DNA-wrapped nanotube material may be used for electronic or optical device applications, it is important to determine to what extent the DNA changes the relevant properties of SWNTs.
ssDNA-modified SWNTs have been synthesized for solution-based, large-scale device production and the sorting of SWNTs of different symmetry. Differences in the diameter and chiral angle of SWNTs lead to differences in electronic structure, resulting in wide-ranging electronic and optical properties (3, 4) . Recent progress in solution-based processing (8, 9) allowed the dispersal of as-grown SWNT bundles (10) , the differentiation of SWNTs by structure (11) , and the desired chirality (12).
DNA-Wrapped Nanotube: Structure and Bonding
A variety of polymers have been found to disperse SWNTs. It has been suggested that wrapping by water-soluble polymers is a general phenomenon resulting from reducing the thermodynamic penalty associated with the hydrophobic interface of the SWNTs and aqueous solvent (10) . SWNTs were successfully solubilized by wrapping with such polymers as polystyrene sulfonate, poly(1-vinyl pyrrolidone-covinyl acetate), poly(1-vinyl pyrrolidone-coacrylic acid), poly(1-vinyl pyrrolidone-codimethylaminoethyl methacrylate), polyvinyl sulfate, poly(sodium styrenesulfonic acid-comaleic acid), dextran, dextran sulfate, and bovine serum albumin, whereas some polymers have been unsuccessful for dissolving SWNTs, including poly(methyl methacrylate-coethyl acrylate), polyvinyl alcohol, polyethylene glycol, and polyallyl amine (10) . Although many polymers have been used to disperse SWNTs, ssDNA seems to be more efficient in both the dispersion (9, 13 ) and separation of SWNTs of different chirality (12, 14) .
Zheng and colleagues (12, 14) used various DNA sequences to find those most efficient for dispersing a particular SWNT. Poly(T) type DNA of 30-mer length is the oligomer most widely used experimentally and therefore is discussed in detail here. Other groups have used this ssDNA (15) , along with other synthetic DNA, such as poly(GT) hybrids (8, 9, 16) , as well as genomic ssDNA-SWNT hybrid: a helical wrap of a finite-length single-strand DNA on a cylinder of a single-wall nanotube sequences (17, 18) . From original sorting by ion-exchange chromatography, which already allowed some differentiation by structure and electronic properties (8) , investigations have progressed to sorting by length with the addition of size-exclusion chromatography, which, with its improved separation resolution, has allowed the first substantial enrichment of a sample with a SWNT of a single chirality (19) and has finally provided full separation by chirality of a series of SWNTs (12, 14) .
At present we do not have exact knowledge of the geometric structure of the ssDNA-SWNT hybrids, although various experimental groups have attempted its nanocharacterization. Atomicforce-microscopy images (20) and modeling (13) suggest that the (finite-length) strands arrange approximately end to end on the SWNT surface and have fixed pitch, which is almost independent of the sequence. High-resolution transmission electron microscopy has been used recently to corroborate optical studies (21) of the DNA-wrapped SWNT material. Figure 1 shows images of SWNTs with helical ssDNA wrapping. Kawamoto et al. (23) found evidence that the DNA wrap persists even when DNA-wrapped nanotubes are dried. When dried, DNA-SWNT hybrids rebundle, but this process is reversible upon hydration. A recent study (12) proposed a helical arrangement with two intertwined ssDNA per unit length of the periodic hybrid with hydrogen bonding between the strands, similar to the DNA alpha-sheet.
For the sake of generality, we present an approach equally applicable to all these periodic helical structures, whereas our numerical simulations were mostly done for the poly(T) structure given by Reference 8 in which DNA wraps around a nanotube in a helix and binds via π-stacking interactions with the sidewall of the nanotube (24) (25) (26) (27) (28) . DNA is generally oriented with bases stacked parallel to the walls (29) . For low ionic strength, adhesive interactions between the SWNT and DNA and the electrostatic repulsion of the charges on the DNA are the main structure-determining factors (24) . Using a molecular dynamics simulation, Johnson and colleagues (25) found a variety of possible geometries, including right-and left-handed helical wrapping of DNA, along with more disordered structures depending on the salt concentrations. Martin and colleagues (26) found a variety of distinct geometries that depended on sequence and SWNT diameter. Double-stranded DNA hybrids were also modeled (30, 31) . The kinetics of wrapping (32) was studied with Monte Carlo methods (33) , and the penetration of DNA inside SWNT has received attention (34) . The electronic component of the cohesion energy in the hybrid has also been studied (27, 35, 36) . We return to binding energy in Section 3.2.
Symmetry Breaking and Optical Properties of DNA-Nanotube Hybrids
Whereas the physical structure of DNA-SWNT hybrids and the nature of bonding have been thoroughly studied, the electronic and optical properties had received less attention until recently. DNA binding is presumed to be physical rather than chemical, and as such it leaves the essential electronic characteristics of nanotubes intact. Some earlier studies theoretically examined the effects of the covalent functionalization (37, 38) of SWNT walls with a single DNA base on the SWNT band structure (39, 40) , although such a model is not completely consistent with the fact that ssDNA makes noncovalent bonds with the nanotube. Recent approaches that account for the absence of chemical bonding include a few heuristic models (41-44) that limit the perturbation of the DNA to a single line of atoms on the SWNT surface or to a stripe of a small width. These models often allow an analytical solution and as such facilitate treatment of the symmetry breaking due to the helical perturbation (43) . Finally, a more detailed numerical approach has been developed for the electronic structure of the hybrids (45) (46) (47) .
Photoluminescence provides invaluable information on the electronic structure of SWNTs. In a standard experimental setup, with the polarization of both the incident light and collected 
TBA: tight-binding approximation
Self-consistent electronic structure: a theoretical electronic structure obtained by taking into account a redistribution of the electrons under both the external perturbation and their own potential fluorescence signal along the SWNT axis, the peak shift upon the DNA wrapping is small (48) (49) (50) (51) (52) (53) but detectable (54) . Such small changes in the optical band gap, in fact, are consistent with the available theoretical results for parallel polarization (conventions for polarization directions are shown in Figure 1c) . Below, in Section 3.3, we consider optical absorption of light with perpendicular polarization, which has been measured for SWNTs dispersed using a surfactant (55) (56) (57) but not yet with the DNA. In that polarization, as we have shown theoretically, the effect of helical symmetry breaking manifests itself in absorption and can be used to characterize the wrap. One feature useful for identifying the wrapping is the appearance of circular dichroism in nonchiral SWNTs, as discussed in Section 3.4. We stress that the contribution of the ssDNA itself to this circular dichroism can be discounted because the DNA absorption is higher in energy (58, 59) than the relevant features seen in our simulations, and it also develops upon the DNA unwrapping from the SWNT (60, 61) . We note that other macromolecules also can bind to nanotube sidewalls and change the electronic structure substantially due to the breaking of charge neutrality and/or the symmetry of the system (62), which is beyond the scope of this review.
The article is organized as follows: After this brief overview of the existing experimental and theoretical studies on DNA-SWNT hybrids, our own theoretical model is introduced. Next we present results on the screening by the polarization charge of the SWNT and calculate the component of cohesion energy of the hybrid due to the polarization of the nanotube in response to the charged helical wrap. The modulation of electronic/optical properties of SWNTs upon hybridization with ssDNA is discussed then for different hybrid geometries studied systematically to reveal scaling relations with charge and chirality. Lastly we briefly discuss how the optical properties of DNA-SWNT hybrids resulting from helical symmetry breaking can be used to detect and identify the wrapping.
QUANTUM MECHANICAL MODELING OF THE ELECTRONIC STRUCTURE OF THE HYBRID

Tight-Binding Band-Structure Calculations
Among the various ab initio and several semiempirical approaches for band-structure calculations, tight-binding approximation (TBA) shows a high accuracy at low computational cost (1, 3, 4, (63) (64) (65) (66) (67) plus extreme versatility for including various perturbations of single-particle (68) and manybody origin (69) . For the purpose of our study, we chose TBA to calculate the band structures of DNA-SWNT hybrids, taking into account a self-consistent charge density on the surface of the nanotube.
The Schrödinger equation in the mean-field approximation of the Hartree theory gives the Hamiltonian
where H 0 is the bare Hamiltonian of the SWNT in the TBA, a i is an electron annihilation operator at the atomic site i, γ i j = γ 2.9 eV is the hopping integral with the sum taken over nearest-neighbor carbon atoms in the SWNT, and γ is approximately equal for all neighbors. V ext = V DNA + V other is the operator of external perturbation, e.g., the electrostatic potential from the DNA wrap and other charges.W C is the mean-field Coulomb term, which we treat using a self-consistent procedure for the SWNT electron density. The induced charge density of the SWNT is ρ = e a † k a k − ρ 0 , where the brackets denote the quantum mechanical averaging over the perturbed ground state, taking into account V ext , and subtracting the equilibrium charge density www.annualreviews.org • Electronic Properties of Nanotube-DNA HybridsRPA: random phase approximation (that is, ρ = 0 for V ext = 0) (70) . By subtracting ρ 0 , the equilibrium charge density, we implicitly assume that many-body effects, such as Hartree-Fock terms, for a bare SWNT are already included in the one-electron empirical TB parameter γ and that they must not be included once again. This simple physical argument is often found confusing in the literature, where sometimes a nonphysical parameter γ o is introduced for the bare tube, which excludes such many-body effects and thus is nonobservable. We use γ instead, although the perturbation-dependent Hartree term, W C [ρ], still needs to be included explicitly in addition to renormalized γ to take account for the influence of the DNA.
To determine this term, we need to specify the perturbation V DNA . In the frame of our model, the Coulomb potential of the ionized phosphate groups is found to be sufficient to include. Indeed, the linear charge density of the fully ionized ssDNA in vacuum is q/l, where l 7Å (size of the DNA base), and the partial ion charge, q = −e = −1.6 × 10 −19 C, equals the elementary charge. In solution, the charge density decreases due to the polarization of the surrounding counterions and the solvent. This effect may be addressed phenomenologically by changing the charge to a smaller effective charge, q → q * ≤ e. A more accurate approach would require a microscopic description of the molecules and ions in solution around the hybrid. The significant modeling volume of the representative unit cell, computational difficulties of weakly converging Coulomb potentials of the particles, and even the absence of a well-established physical model prohibit such an approach presently.
For our computations we proposed an idealized model of a helical chain of point charges
where | r i − r j | is the distance from the atomic site i to the DNA charge, q j ; λ is a cutoff parameter mimicking the screening in solution (Gaussian units are used here). 
where ψ ϕ and ψ 0 are eigensolutions of Equation 1 with and without perturbation, respectively; λ F is the quantum number (set) corresponding to the Fermi energy; and we introduce a regularization function
to replace an exact delta function of the classical TBA for the point-like source, δ( R − r i )/| x − R|. Such a delta function would result in nonphysical divergence of the Coulomb kernel at the atomic site positions. By its physical meaning, the regularization function is a probability density for an electron orbit of the carbon atom. Thus it can be represented by a Gaussian function with b of the order of the interatomic distance in the SWNT (whose exact value does not influence the results, however). We make sure that the normalization condition for the wave function and charge density is satisfied and use an adaptive mesh in numerically evaluating the induced potential. Because of the long range of the Coulomb potential (Equation 3), one has to use more than one unit cell of the hybrid when computing ϕ ind . Both the DNA perturbation term and the Coulomb term are the potential energy terms, diagonal in the TB Hamiltonian and additive. The difference is, however, in their physics: The term V DNA is an external potential, independent of the polarization properties of the nanotube, whereas the termW C = i eϕ ind (i)a † i a i results from the induced charge density and as such depends on both the V DNA and on the induced charge density itself. Thus Equations 1-3 need to be solved iteratively to yield the self-consistent polarization charge density and resulting selfconsistent induced potential.
Further Model Refinements
The DNA perturbation depends parametrically on the geometry of the wrap, which is considered to be fixed and known in our approach. Refinement of the DNA geometry is possible in a multiscale algorithm, which is beyond the scope of this review.
The simplest implementation of TB theory uses an orthogonal basis (4, 63, 66) ; e.g., it does not correct the electronic structure for nonzero curvature of the tube surface as compared to flat graphene and considers only nearest-neighbor interactions. Extended versions of TB, which use a nonorthogonal basis (nonzero overlap between atomic orbits) and go beyond nearest-neighbor interactions (64, 67, 71) , can be easily implemented in a similar way. New effects, prohibited by symmetry within a simplified orthogonal basis approach, may show up in a more advanced method; for example, the nonorthogonal method allows SWNT symmetry breaking in some external electric fields (72) when the orthogonal TB missed the effect. However, the helical symmetry breaking by the DNA wrap is already present in the orthogonal basis; thus for clarity we present only an orthogonal TB theory below. This bare Hamiltonian matrix H TB includes connectivity information for the carbon atoms of the whole SWNT. Using a standard Bloch theory (70) , it can be reduced to those that are within an elementary translational period of our system, the unit cell. Then the matrix of dimensions B × B must be diagonalized, where B is the number of nanotube carbon atoms in the unit cell. The high symmetry of the unit cell of the bare tube (66, 73, 74) allows a substantial reduction of the dimension of the matrix problem for an unwrapped SWNT. This is not possible, however, in the general case, for the hybrid whose symmetry is lowered owing to DNA wrapping. For realistic unit cells, the matrix is large, so special computational algorithms could be applied to speed up the eigen-problem solution.
For our TB simulations, a periodic boundary condition is applied. It is a nontrivial problem to make a choice of the unit cell of the complex; a commensurate one-dimensional periodic structure does not exist for every (helically symmetric) DNA potential and given SWNT symmetry. The SWNT lattice itself may possess spiral symmetry incommensurate with the DNA, which would prohibit the use of the periodic boundary condition and Bloch theory. Here we limit ourselves to commensurate structures where the angle of the DNA wrap is chosen such that one wind (or more winds) covers an integer number of nanotube lattice constants. For noncommensurate wrappings, it is always possible to find a commensurate wrapping with a wrapping angle that is infinitesimally close to the noncommensurate one, although the translational period of such a structure may be very large. An example of a unit cell is shown in Figure 3 . This case has four charges per helical wrap, which is an adjustable parameter in the model. The partial charges of the atoms of ssDNA are small for most of the DNA atoms and partially cancel the effects of nearby charges. Thus we proposed a model that approximates the effect of the partial atomic charges of the nucleotides with point charges having the same net charge as the whole ionized nucleotide (base + sugar + phosphate group). Such a quantity can be computed from CHARMM (Chemistry at HARvard Macromolecular Mechanics) parameterization (75) . Because much of the significant net charges are on the phosphate group, our model places the point charges along a regular, right circular, infinite helix, corresponding to the idealized positions of the phosphate groups.
RESULTS AND DISCUSSION
Local Permittivity of the DNA-SWNT Hybrid in Random Phase Approximation
The model described above allows us to compute the band structure of the DNA-SWNT hybrid taking into account the polarization of the SWNT electrons self-consistently. For that, we apply an iterative procedure in the RPA; that is, our Hartree term is iterated until convergence of the induced electron density, ρ. The polarization charge density is determined from the Schrödinger equation (Equation 1) with the perturbation proportional to the induced potential determined at the previous step (for the first step, we use the Hamiltonian with the external potential V DNA only). We iterate then the perturbation potential V xt +W C and the polarization charge density ρ. Figure 3 shows polarization charges on atomic sites. A sequence of 11 steps of such iterative process for the charge density is presented in Figure 4 . Clear oscillations of the charge density are seen; special numerical convergence procedures can be applied for damping such oscillations and speeding up the convergence.
RPA is known (70) to give results equivalent to using a formalism of the dielectric function (76, 77, 78) . In condensed matter, the latter allows one to write a formal solution for the total potential (electric field) of the charge distribution (our DNA backbone) via the potential of the same in the vacuum and a dielectric constant. This is a method that holds only for an infinite uniform medium, and one should not expect it to be applicable for our, strongly nonlocal, response of the SWNT electrons, even though such an approximation would be quite valuable to speed up the computations.
If, in an analogy with the (uniform) condensed matter, we try to define the self-consistent value of the total electric potential via the value of the external potential of the bare DNA and a constant that describes the screening due the polarization of the SWNT,
then the screening factor does not need to be the same for each lattice site. Such a function (i ) is analogous to the nonlocal macroscopic dielectric permittivity in condensed matter because
Figure 4
Polarization charges for the hybrid discussed above shown for several iterations of the self-consistent procedure.
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the system lacks total three-dimensional translation symmetry. Surprisingly we found (within the model described above) very weak variation of the screening factor across the simulation unit cell, including a few hundred atoms for the largest structures we studied. With high accuracy, the ratio ϕ xt /ϕ ac t is nearly constant and ε = 2.2 ± 0.5 over the atomic sites on the SWNT surface, independent of the nanotube type and wrap geometry. Finally, the polarization of the counterions and surrounding solvent should change the number but not the qualitative picture. In solution the overall screening factor of the SWNT plus solvent must increase while the partial SWNT contribution would become smaller.
Polarization Component of Cohesion Energy of the SWNT-ssDNA Hybrid
The total charge of the SWNT is kept at zero in our model to represent that there is no charge transfer to or from the nanotube upon DNA wrapping. Nevertheless, the distribution of the charge density is not uniform: Positive charge appears near the negatively charged DNA backbone, whereas the compensating negative charge is spread on the other side of the SWNT wall. This polarization charge induced by the DNA yields a significant cohesion energy, which is typical for other complexes of DNA with highly polarizable substrates. Our model provides an estimate for the polarization interaction; a complete theory must also take into account the geometry change of the hybrid and DNA electronic structure upon wrapping. In our method, DNA geometry is fixed and obtained from molecular dynamics with force constants parameterized without specifics of the polarization interaction. Thus the Hamiltonian of the system uses frozen coordinates of all the atoms. Furthermore, we neglect the polarization of the electronic subsystem of the DNA molecule, which is much weaker than the polarization of the electronic subsystem of the SWNT. As above, we approximate the perturbation potential of the DNA by the helix of point charges with the fixed pitch.
Using the TBA electron density, induced at the SWNT surface by the DNA charges, calculated within the self-consistent RPA, we estimate the polarization component of the cohesion energy per single base of the DNA (or per charge of a single phosphate group) as
where j labels DNA charges, L is the length of the DNA per period of a single unit cell, and l is the distance between bases (that is, the ratio q * L/l is the total DNA charge per unit cell, which is 4q * in the case presented in Figure 3 ). We again note that the screening of the solvent is included in our model implicitly via this effective charge q * ≤ e. The stronger the external screening is, the less perturbation the SWNT electrons experience, the smaller the induced charge density, and the weaker the polarization cohesion force.
Not only does the polarization of the solvent change the effective charge of the DNA backbone, the screening by the SWNT electrons themselves decreases the perturbation. Thus the cohesion energy is computed by iterations. It is the particle density induced by the DNA perturbation, the last sum over λ in Equation 5 , that changes when changing the strength of the perturbation. Thus, the integral can be taken independently, for each value of i, which accelerates the computation and yields the values of the cohesion energy in a fast way: δE 0.47 eV for the complex shown above for the fully ionized backbone (q * = e). Figure 5 shows the difference between the Hartree approximation and the self-consistent RPA result: In the course of an iterative procedure, the polarization component of the cohesion energy decreases approximately by half (by the end of the last eleventh iteration) as compared to the non-self-consistent value (0.96 eV) at the first iteration. The cohesion energy varied slightly for different DNA bases within the unit cell because of different local electrostatic environments of these bases. Thus we present here an average value for the cohesion energy per DNA base. There was a significant dependency of the polarization cohesion energy on the wrapping angle, favoring less dense wraps. Using a sample structure of the (7,0) SWNT, we varied the angle of the DNA pitch, as shown in Figure 6 . Earlier the perturbation strength was found to be proportional to the linear charge density of the hybrid, that is, the total number of DNA charges per length of the SWNT. This dependency may shadow the other possible helical angle dependencies. Therefore, we fixed the number of charges per tube length to overcome this complication. The length of the DNA helix L decreased with the increasing wrapping angle; thus the linear charge density per DNA length increased owing to such a constraint.
The polarization cohesion energy per DNA base varied approximately linearly from −0.24 eV per base for the smallest pitch to −0.91 eV per base for the largest pitch. The total polarization component of cohesion energy of the unit cell was proportional to the square of the number of charges along the wrap; that is, the average polarization cohesion energy per DNA base is proportional to the number of DNA bases (or number of charges) per unit cell (see Figure 5a) . The polarization cohesion energy per base (the same as that per length of the nanotube due to the constraint) varied as the fourth power of the angle of the wrap, as shown in Hybrid geometries for the (7,0) single-wall nanotube (SWNT) with varied wrapping angles. The first structure shows one wrap over three unit cells of the bare tube, and the wrapping angle increases incrementally to the final structure shown, where one wrap covers ten unit cells of the bare nanotube. SWNT surfaces are shown unscrolled.
Absorption in perpendicular polarization:
absorption of the light with the vector of the electric field normal to the SWNT axis the electrostatic perturbation of the DNA. In fact, for the very tight wrap (shallow angle), the phosphate groups are spread too uniformly on the surface of the nanotube to break significantly the symmetry.
We found that the effective screening coefficient of the nanotube varies from 1.83 to 2.09 for this series of geometries and does not show prominent dependency on the wrapping angle for the fixed total linear charge density.
Optical Absorption of DNA-SWNT Hybrids
The optical properties of a pristine SWNT depend solely on its radius and chirality, in the absence of external perturbations. The quasi-one-dimensional nature of SWNT excitons, electron-holebound many-body complexes, results in sharp peaks in both absorption and photoluminescence. Thus, a correlation of the position of photoluminescence and photoluminescence-excitation peaks, known as PL-PLE correlation spectroscopy, is widely used to characterize individual nanotubes in solution (79) and on the surface (80) .
The lowest-energy exciton states can be classified according to their spin as triplets (optically inactive states) and singlets. The latter divide by symmetry into four states: one corresponding to allowed optical transitions between the valence and conduction subbands (bright excitons) and three dark states, which can be brightened (81, 82) . In addition, all excitons can be classified by the subband indices of the original bands of the electron and the hole that make an exciton. For a pristine semiconducting SWNT, an E 11 transition denotes absorption across the band gap between the ground state and the exciton with the electron and hole from the first valence subband and the first conduction subband. In this case, the one-electron states have the same angular momentum. In the many-body picture, this corresponds to the excitonic transition with zero total angular momentum. Another E 12 transition occurs between states with angular momenta that differ by ±1. The selection rule for the angular momentum quantum number is m = 0 for absorption of light polarized parallel to the nanotube axis, and m = ±1 for light polarized perpendicularly to the nanotube axis.
Our simulations predict new peaks in the frequency range near the E 11 transitions, prohibited for bare, pristine nanotubes, in the cross-polarized absorption spectra of DNA-SWNTs. 
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Figure 7
Calculated optical strength versus energy of the absorbed photon with perpendicular polarization and energy of the emitted photon with parallel polarization (absorption/luminescence map) for the bare (7,0) single-wall nanotube (SWNT) (left panel ) and the single-stranded (ss)DNA-wrapped (7,0) nanotube (right panel ). Figure 7 plots the calculated optical strength versus simulated emission along the tube axis and simulated absorption of light polarized across the tube axis for the (7,0) SWNT with and without a DNA wrap. The figure shows a dramatic difference in the absorption/luminescence map in the region of the first allowed optical transition (in parallel polarization), E 11 . The optical absorption coefficients for light polarized across the axis of the semiconducting zigzag (7,0) DNA-SWNT hybrid drastically differ from the bare-tube absorption in the same polarization. The first absorption peak in cross-polarization for the bare SWNT corresponds to E 12 and E 21 transitions. This peak is also present for the DNA-SWNT hybrid, although it is shifted to higher frequency. In addition, a shoulder at lower frequency near the bare E 11 transitions appears as a consequence of the lifting of selection rules (45).
Although not considered here, the excitonic effects can be easily included in the picture. The electron-hole interaction will have the effect of decreasing the band gap and, thus, decreasing the energy of emission. For E 11 transitions, analytical exciton theory shows that exciton binding energy is a fraction of the bare optical band gap (45) , which allows simple renormalization of the latter, i.e., a shift of the first peak. Conversely, the exciton correction is expected to be essentially weaker for E 12 transitions owing to the decay of the direct Coulomb matrix element with nonzero angular momentum transfer m = 0 (83), and therefore it is neglected here.
In contrast to the bare tube, the subbands of the wrapped SWNT do not have definite angular momentum because the electron (and hole) wave functions are helically polarized by the Coulomb potential of the DNA. Thus, cross-polarized optical transitions are allowed at lower frequency near that of the prohibited transition at E 11 .
To prove further the helical symmetry of the perturbed electronic structure of a DNA-SWNT hybrid, we plot in The partial absorption coefficient is as follows (45): Here m 0 is the free electron mass, ω is the excitation frequency, f (E ) is the Fermi-Dirac distribution function, is the level broadening (set at 0.008 eV in our calculations),
is the matrix element for a transition from an initial state in the valence band |k, m i , λ i to a final state in the conduction band |k, m f , λ f for the case of the right (+) or left (−) circularly polarized incident light with the electric field E ∝ e ±iθ , and θ is the cylindrical angular coordinate. E i and E f are the initial/final state (hole/electron) energies, and R NT is the SWNT radius. The selection rule for angular momentum is m = m f − m i = ±1. For a wrapped tube, absorption is different for left-and right-polarized light; thus the light with linear polarization (which is a sum of leftand right-polarized components) will change its linear polarization direction while propagating through the DNA-SWNT hybrid medium.
Circular Dichroism as an Optical Identification Label for the Helical Wrap
The total absorption spectrum is obtained by integrating the partial absorption coefficient (Equation 6) over the wave vector inside the first Brillouin zone,
and is plotted in Figure 9a for the circular polarizations m = ±1 for an (8,0) DNA-SWNT hybrid. Absorption of circularly polarized light differs drastically for the hybrid and the bare tube (Figure 9a) .
The difference in absorption for two polarizations gives the circular-dichroism spectrum of the DNA-SWNT hybrid: C D = α + − α − . We calculated the optical circular-dichroism spectra for a variety of DNA-SWNT hybrids and found strong dichroism for originally achiral as well as chiral tubes. Figure 9b shows the circular-dichroism spectrum of the (8,0) DNA-SWNT hybrid. We stress that this circular dichroism is unrelated to the possible chiral response of the DNA itself, which was not included in this model. Even though a recent study (53) showed an interesting DNA hypochromicity effect in the hybrids, one can neglect the effect of the DNA in the near-infrared range because the DNA absorption edge is at approximately 4.1 eV (53, 58) , which is well above Calculated circular dichroism (CD) for a (7,0) nanotube with (a) the wrap along the zigzag direction with charges centered above carbon hexagons and (b) the wrap with same wrapping angle, but shifted about the nanotube circumference.
the main spectral features of the SWNT. Hence, the optical activity must be fully attributed to the nanotube itself and to its helical symmetry breaking, as further supported by the experimental data in Reference 50.
The strength of the perturbation is proportional to the total charge of DNA in the unit cell as well to the SWNT radius. Thus the typical splitting of the subbands, which is the reason for the appearance of new peaks, scales as ∝ R 4 NT and becomes stronger for tubes of larger radius. Chiral symmetry breaking is present for wraps with different wrapping angles, with circular dichroism and absorption peak splitting clearly observed, although with quite different absorption spectra. The symmetry breaking is most sensitive to the symmetry matching between the SWNT lattice and the DNA backbone helical angle.
For various angles and for various tubes, we calculated different absorption spectra, although a general qualitative feature of the helical symmetry breaking, the appearance of new peaks in the optical data, was present. At the same time, when the axial or circumferential shift of the wrap was different, the circular-dichroism spectrum had the same major features, at most varied slightly, as shown in Figure 10 . This suggests that exact placement of the ssDNA on the SWNT surface may not be important, given that the wrapping angle is fixed owing to the microscopic interaction between the two. In such a case, cross-polarized optical spectroscopy can be a nondestructive optical characterization technique to determine wrapping efficiency by comparing intensities of the spectral lines corresponding to the bare and wrapped tubes.
CONCLUSIONS
This review discusses the electronic and optical properties of nonideal SWNT materials, namely hybrid structures of ssDNA and SWNTs. The main influence of the charged DNA wrap on the electronic structure of the SWNT in the helical hybrid is symmetry breaking; for a nonchiral tube, the helical perturbation generates natural optical activity in the DNA-nanotube complex. The one-electron absorption spectrum for light polarized perpendicular to the nanotube axis is sensitive to the wrapping, whereas the parallel light polarization shows features similar to a bare SWNT. This may seem counterintuitive, considering the large linear charge density of the ionized DNA and the large strength of the perturbation. However, for the parallel polarization absorption, the effect of the DNA wrap is averaged over the SWNT circumference, which smears out the induced charge and, in the case of a charge-neutral SWNT, gives almost zero net effect. On the contrary, the perpendicular polarization absorption is proportional to the first nonvanishing angular term, breaking the cylindrical symmetry, and therefore having a significant perturbation strength. Lifting the optical selection rules results in new optical transitions and circular dichroism of the complex.
We describe the TB model developed to calculate the electronic band structure of DNA-SWNT hybrids and the self-consistent procedure for calculating the electric potential on the surface of the nanotube. These methods have been applied to a variety of hybrids to study the dependency of the main parameters of the wrap, such as the cochirality of the wrap and the underlying lattice structure of the nanotube, the axial and angular position of the wrap, the diameter of the nanotube, and the charge density of the wrap (distance between subsequent backbone charges as well as the charge of a single base), on the electronic structure (84) . Neither the axial nor the circumferential position of the wrap plays a significant role for the perturbation. However, there is a significant and nonmonotonic dependency on the chiral angle of the wrap (the same as the pitch of the wrap for a fixed chirality and diameter of the nanotube) and on the diameter of the SWNT (for a fixed chirality).
Examples of our technique presented here include the computation of the polarization component of the DNA-SWNT hybrid cohesion energy, the cross-polarized absorption coefficient, and circular dichroism. We also discuss the screening effect of the SWNT polarization for various hybrids. A general feature of the broken symmetry of the nanotube electronic structure is circular dichroism for originally nonhelical nanotubes, as well as the appearance of new spectral lines in the perpendicular optical absorption, which may be used for nondestructive identification of the wrapping.
SUMMARY POINTS
1. ssDNA, as many other polymers, binds noncovalently to SWNTs. Such DNA-SWNT hybrids are easily solvable in water (and polar solvents) and allow separation of the SWNTs by symmetry.
2. The Coulomb potential of the ssDNA breaks the SWNT symmetry in the hybrid and modifies its electronic structure.
3. SWNTs possess highly polarizable electrons; thus the DNA perturbation results in a (nonuniform) distribution of the SWNT charge density on its surface.
4. The SWNT electrons screen an external potential (of the DNA), and such a screening yields an effective dielectric constant of a SWNT, close to 2.
5. Coulomb attraction between the DNA backbone charges and the polarization charge of the SWNT in the hybrid results in a cohesion energy of approximately 0.5 eV per base.
6. The band gap of the DNA-SWNT hybrid, as measured by parallel polarized optical absorption or phosphorescence, is practically the same as in pristine SWNTs owing to averaging of the DNA potential.
7. Helical symmetry breaking in DNA-SWNT hybrids leads to the appearance of additional peaks in the perpendicular polarization absorption.
8. Even for achiral SWNTs, the DNA-SWNT hybrid should demonstrate circular dichroism, which can be used then to identify the wrap.
